Mitochondria are involved in the toxicity of several compounds, retro-control of gene expression and apoptosis activation. The effect of mitochondrial genome (mtDNA) depletion on changes in ABC transporter protein expression in response to bile acids and paracetamol was investigated.
Introduction
Export pumps located at the plasma membrane of hepatocytes play a key role in the secretory function of the liver by removing xenobiotic and endogenous substances that otherwise could accumulate and cause noxious effects (Chandra and Brouwer, 2004) . Most of these transporters belong to the superfamily of ATP-binding cassette (ABC) proteins (Schinkel and Jonker, 2003) , which includes these gene families: ABCB, encoding multidrug-resistance proteins (e.g. multidrugresistance protein-1 or MDR1 and the bile salt export pump or BSEP); ABCC, encoding multidrug-resistance-associated proteins (e.g. MRP1-4); and ABCG (e.g. the breast cancer resistance protein or BCRP).
The elimination of toxic compounds into the bile across the canalicular membrane is mainly mediated by MDR1 (gene symbol ABCB1), BSEP (ABCB11), MRP2 (ABCC2) and ABCG2 (ABCG2). However, when the normal vectorial transfer from blood to bile is impaired, MRP1 (ABCC1), MRP3 (ABCC3) and MRP4 (ABCC4), located at the sinusoidal membrane of hepatocytes, increase their expression and become important routes to mediate the regurgitation of cholephilic compounds back into the bloodstream, which favours their renal elimination (Geier et al., 2007) .
How hepatocytes regulate the expression of these transporters, as well as the shift in the importance of different elements of their excretory machinery is largely unknown. The expression of ABC transport proteins in hepatocytes can be regulated by transcriptional events involving nuclear transcription factors such as the farnesoid X receptor (FXR), sensitive to bile acids, and the member of its signalling pathway, the small heterodimer partner (SHP), whereas xenobiotic receptors such as the constitutive androstane receptor (CAR) and pregnane X receptor (PXR) can be activated by a variety of drugs and toxins. Moreover, it has been suggested that nuclear factor E2-related factor 2 (NRF2) can be activated by both bile acids ) and xenobiotics such as paracetamol (acetaminophen; Aleksunes et al., 2008) . In human liver cells, NRF2 has been reported to stimulate the expression of MRP2 (Vollrath et al., 2006) . Moreover, this and other members of the MRP family, such as the rodent isoforms Mrp3 and Mrp4 can be up-regulated in mouse liver cells through the pharmacological activation of Nrf2 (Maher et al., 2007) .
Mitochondrial function depends on proteins that are encoded by nuclear DNA and mitochondrial DNA (mtDNA), which contains the genes coding for 13 of the components of the respiratory chain (Attardi and Schatz, 1988) . This is the main source of reactive oxygen species (ROS) produced in mitochondria as a by-product of aerobic metabolism. Although excessive generation of ROS can damage cellular constituents, including proteins, lipids, and DNA, low levels of ROS play a role in cell signalling (Finkel, 2000) . Thus, in addition to the control mediated by direct activation of nuclear receptors, retrograde control mechanisms permitting crosstalk between mitochondrial and nuclear genomes have been suggested to play an important role in the overall response of hepatocytes to chemical stress and hence in the prevention of carcinogenesis (Erol, 2005) . This is an interesting possibility, because mitochondria are particularly sensitive to the toxicity induced by many endogenous compounds, such as bile acids, and drugs, such as paracetamol. The role of this organelle as a sensor in the retro-control of the expression of genes involved in the defence against chemical stress could constitute an important mechanism in the overall function of hepatocytes.
The aim of the present study was to investigate the effect of depletion of the mitochondrial genome in the response of liver cells to exposure to bile acids and paracetamol, in terms of the expression of ABC proteins.
Methods

Cell lines and culture conditions
The mouse hepatoma Hepa 1-6 (CRL-1830) cell line was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Hepa 1-6 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich, Madrid, Spain) containing 10% FCS (TDI S.A., Madrid, Spain) and 1% antibiotic-antimycotic solution (Invitrogen, Barcelona, Spain) and other supplements, as reported by the supplier, in a humidified atmosphere in 5% CO2 at 37°C. Rho Hepa 1-6 cells with a partial depletion of mtDNA were obtained by long-term (2 months) treatment with ethidium bromide (100 ng·mL -1 ), as described previously (Miller et al., 1996) . To compensate for the impairment of respiratory metabolism and to support cell growth, the auxotrophy of Rho cells for uridine and pyruvate (Trounce et al., 1994) required the culture medium to be supplemented with 100 mg·mL -1 pyruvate and 50 mg·mL -1 uridine. To carry out the experiments, the cells were plated and incubated overnight in the absence of any of the compounds tested and then treated with tert-butyl hydroperoxide (tBOOH; 10, 25, 50, 100 mM for 5 h), glycochenodeoxycholic acid (GCDCA; 25, 50, 100 mM for 1, 3, 5, 6, 12, 24 or 48 h), deoxycholic acid (DCA; 25, 50 mM for 48 h), glycoursodeoxycholic acid (GUDCA; 25, 50, 100 mM for 1, 3, 48 h), paracetamol (50, 100, 300 mM for 1, 3, 5, 6, 12, 24 or 48 h), 2′,7′-dichlorofluorescein diacetate (DCFH-DA) or rhodamine 123 (Rh123) (Sigma-Aldrich). For studies of flow cytometry and gene expression, cells were detached with trypsin-EDTA solution and then pelleted by centrifugation at 250¥ g for 10 min, washed once with phosphate-buffered saline (PBS), pelleted again, and resuspended in DMEM.
Determination of gene expression levels and mtDNA copy number
Depletion of mtDNA was confirmed by real-time PCR amplification using specific primers for 16S rRNA. Total cellular DNA (nuclear and mtDNA) was extracted using the QIAamp DNA Blood Mini kit from Qiagen (Izasa, Barcelona, Spain). DNA was then quantified fluorimetrically with the PicoGreen DNA-Quantitation kit (Invitrogen). To determine mRNA levels by real-time RT-PCR, total RNA was isolated from cell lysates using RNAeasy spin columns from Qiagen. RNA was then quantified fluorimetrically with the RiboGreen RNA-Quantitation kit (Invitrogen). Random hexamers and avian myeloblastosis virus RT (Cloned AMV First-Strand cDNA Synthesis kit, Invitrogen) were used to synthesize cDNA from total RNA. Real-time quantitative PCR was then performed using AmpliTaq Gold polymerase (Applied Biosystems, Madrid, Spain) in an ABI Prism 7300 Sequence Detection System (Applied Biosystems). The thermal cycling conditions were as follows: a single cycle at 95°C for 10 min followed by 45 cycles at 95°C for 15 s and at 60°C for 60 s. Detection of the amplification products was carried out using SYBR Green I (Applied Biosystems). The absence of nonspecific products of PCR, as examined by 2.5% agarose gel electrophoresis or melting-temperature curves, was confirmed in all cases, except in some cases where detection was carried out using TaqMan probes. As a calibrator, total RNA from mouse liver or kidney was used. The results of mRNA abundance for the target genes in each sample were normalized on the basis of 18S rRNA abundance, which was measured with the TaqMan Ribosomal RNA Control Reagents kit (Applied Biosystems). The mtDNA copy number was measured from total DNA and corrected by simultaneous measurement of the nuclear DNA by multiplex PCR using appropriate primers and TaqMan probes for DNA encoding 16S rRNA and 18S rRNA, respectively. The primer and TaqMan probe oligonucleotide sequences for mouse DNA encoding 16S rRNA (GeneBank Accession Number AY675564) were as follows: forward, 5′-AAC CCC GCC TGT TTA CCA A-3′; reverse, 5′-CGT TCA TGC TAG TCC CTA ATT AAG G-3′; and TaqMan probe, 5′-TTT AAC GGC CGC GGT ATC CTG ACC-3′. The same sets of primers and probes were used to measure the absolute abundance of the rRNAs corresponding to these genes. Absolute quantification of mtDNA and rRNAs was carried out using standard curves generated by plotting the threshold cycle (Ct) versus log 10 of the copy number of cDNA fragments obtained by conventional PCR and quantified with the PicoGreen detection kit, as described in detail previously (Briz et al., 2003b) . The primer oligonucleotide sequences and conditions to carry out quantitative PCR of Mrp1, Mrp2, Mdr1 (Briz et al., 2003a) and Ntcp (Vicens et al., 2007) have been described previously. The primer oligonucleotide sequences for mouse Mrp4 were: forward, 5′-TGG TCA TAA GCG GAG ACT GGA-3′ and reverse, 5′-CCA GTA CCG TTG AAG CTC CTC T-3′ (position 195-288, GeneBank Accession Number NM_001033336). For mouse Bsep they were: forward primer 5′-TGA CTT TCC ACA GTG GCG TCT-3′ and reverse primer 5′-ATG GTG TCT GCA ATC TTC ACT CA-3′ (position 43-129), GeneBank Accession Number NM_ 021022). For mouse Bcrp they were: forward primer 5′-CAC GTG TTA GTA CCA ATG TCG CA-3′ and reverse primer 5′-TCC GGA CTA GAA ACC CAC TCT TT-3′ (position 475-622, GeneBank Accession Number AF103796). All primers were designed with the assistance of Primer Express software (Applied Biosystems), and their specificity was checked using BLAST, and were obtained from Sigma-Genosys (Madrid, Spain).
Cell viability, apoptosis, ROS generation and mitochondrial membrane potential (MMP)
The cell growth rate was determined by measuring total protein (Markwell et al., 1978) at different time points during 1 week of cell culture. Cell viability was evaluated using the Neutral Red (Sigma-Aldrich) test (Fautz et al., 1991) . To quantify the percentage of apoptotic cells, DNA fragmentation was analysed by flow cytometry using a FACSort flow cytometer (BD Biosciences, San Jose, CA, USA). After the corresponding treatment, cells were trypsinized, washed with PBS and centrifuged. The pellets were resuspended in ethanol and stored at 4°C for 24 h. After washing, the cells were treated with RNase A in PBS at 37°C for 30 min, stained with 50 mg·mL -1 propidium iodide (Sigma-Aldrich), and analysed by flow cytometry to measure their DNA content, as described previously (Perez and Cederbaum, 2001) .
Flow cytometry was also used to measure the generation of ROS, MMP and cell viability. Cells were incubated with medium containing 5 mg·mL -1 Rh123 (MMP measurement) or 5 mg·mL -1 DCFH-DA (ROS measurement) for 1 h after the corresponding treatment. Then, they were trypsinized and resuspended in FCS-free medium. Propidium iodide (5 mg·mL -1 ) was added 10 min before fluorescence measurement, as described previously (Perez and Cederbaum, 2002) . Conventional fluorescence images were obtained with a fluorescence microscope (Olympus, Tokyo, Japan).
Preparation of nuclear, cytoplasmic and crude membrane fractions
Nuclear extracts were prepared essentially according to a method published previously (Schonhoff et al., 2006) , with minor modifications. All steps were carried out at approximately 4°C. Cells were rinsed and scraped off into PBS and the pellets were suspended in 3 volumes of ice-cold hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM dithiothreitol (DTT) and protease inhibitors) and incubated on ice for 15 min. Igepal CA-630 (Sigma-Aldrich) was then added to a final concentration of 0.05% before vortexing vigorously for 10 s. After centrifugation (500¥ g for 30 s), the supernatant was collected and saved as the cytoplasmic fraction. The remaining crude nuclear pellet was washed with hypotonic buffer and resuspended in two-thirds volumes of ice-cold extraction buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.42 M NaCl, 0.2 mM EDTA, 25% (vol/vol) glycerol, 1 mM DTT and protease inhibitors). The sample was kept on ice for 30 min with gentle vortexing every 5-10 min. Samples were then centrifuged (5 min at 20 000¥ g) and the supernatant (nuclear extract) was collected. All samples were stored at -80°C until use. To assess the purity of the nuclear and cytoplasmic fractions, immunoblot-based detection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as a cytoplasmic marker, and Oct1 (a transcription factor located at the nucleus), as a nuclear marker, was carried out. To prepare crude membranes cells were trypsinized, washed with PBS and centrifuged. The pellets were suspended in ice-cold homogenization buffer (250 mM sucrose, 2 mM EDTA, 20 mM Tris-HEPES, pH 7.4) supplemented with a protease inhibitor cocktail (Sigma-Aldrich). Membranes were disrupted by homogenization using a Polytron, collected by centrifugation (200 000¥ g, Beckman Ti70.1 rotor at 4°C for 90 min) and suspended in homogenization buffer.
Western blot analyses
Immunoblotting analyses were carried out in 7.5, 8 or 12% sodium dodecyl sulfate-polyacrylamide gels, using 50 mg of protein loading per lane and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA). The primary antibodies (working dilutions) used were as follows: rabbit polyclonal antibodies against MDR1 (1:500) (Lifespan Biosciences, Seattle, WA, USA), Oct1 (1:500) (Abcam, Cambridge, UK), SHP (H-160) (1:100) and Nrf2 (C-20) (1:500), rat monoclonal antibodies against MRP1 (1:500) (Alexis Biochemicals, San Diego, CA) and MRP4 (1:500) and mouse monoclonal antibodies against Na + /K + -ATPase (1:500) (Sigma-Aldrich) and GAPDH (6C5) (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Anti-rat IgG (Santa Cruz Biotechnology), anti-rabbit and anti-mouse IgG (Amersham Pharmacia Biotech, Freiburg, Germany) horseradish peroxidase-linked secondary antibodies were used.
Statistical analysis
Values are expressed as mean Ϯ SEM. Statistical analyses were performed using the SPSS 10.0.6 software (SPSS Inc., Chicago, IL, USA) for Windows (Microsoft Co., Seattle, WA, USA). To calculate the statistical significance of the differences between groups, the Bonferroni method for multiple range testing, and Student's t-test or the paired t-test were used, as appropriate.
Results
Characterization of Rho cells
Long-term incubation in the presence of 100 ng·mL -1 ethidium bromide causes depletion in mtDNA. This was assessed as the decreased abundance of 16S rRNA (Figure 1 ). To confirm that this was not due to changes in expression levels, the abundance of the corresponding DNA was also measured (Figure 1, inset) . A rapid depletion of approximately 70% in both RNA and DNA coding 16S rRNA was observed. This reached steady state, which persisted for more than two months. The shape of the mtDNA-depleted or Rho cells was slightly less rounded (Figure 2A and B) . The growth of these cells in culture was similar to that of wild-type (WT) cells ( Figure 2C ). In contrast, ROS production was markedly lower in Rho cells than in WT cells ( Figure 2D-F) .
Sensitivity of Rho cells to bile acids or paracetamol-induced toxicity
When the cells were exposed to bile acids or paracetamol and viability was measured with the Neutral Red test, which is not directly dependent on mitochondrial function, a clearly different sensitivity was found (Figure 3 ). In the range of concentrations investigated here, GUDCA induced no marked toxic effect on WT or Rho cells ( Figure 3A) . In contrast, in WT cells, GCDCA and paracetamol markedly reduced cell viability, with an IC50 of approximately 150 mM and 180 mM, respectively ( Figure 3B , C). Sensitivity to GCDCA and paracetamol was significantly decreased in Rho cells, for which the IC50 values increased to approximately 350 mM and 500 mM, respectively ( Figure 3B, C) .
When spontaneous cell death was studied by flow cytometry, we found a significantly lower proportion of dead cells in Rho than in WT cell cultures ( Figure 4A ). This was consistent with the smaller proportion of hypodiploid (apoptotic) bodies observed in Rho cells ( Figure 4B ). Treatment of WT cells with either 100 mM GCDCA ( Figure 4C ) or 2 mg·mL -1 Fas antibody (Jo2) (BD, Biosciences) ( Figure 4D ) resulted in a stimulation of apoptosis. In contrast, under similar experimental circumstances apoptosis in Rho cells was not induced (Figure 4C and D) .
There were fewer cells with low MMP in Rho than in WT cell cultures ( Figure 5) . Moreover, the effect of a non-specific agent able to induce oxidative stress, such as tBOOH, affected MMP more in WT than in Rho cells ( Figure 5 ). This was accompanied by a higher response regarding ROS generation in WT than in Rho cells when incubated with tBOOH ( Figure 6A ). As a negative control, we used incubation with GUDCA, which did not increase ROS production in either WT or Rho cells; instead, a decrease was observed in WT cells ( Figure 6B ). In contrast, GCDCA ( Figure 6C ) and paracetamol ( Figure 6D ) induced ROS generation in WT cells, whereas neither had any effect on Rho cells.
Changes in ABC protein expression
As compared with mouse liver and/or kidney, a markedly higher expression of Mrp1, Mrp4 and Mrd1, but a poor or negligible expression of Mrp2, Mdr2 and Bsep, was found in WT cells (Table 1) . When comparing expression of genes in a hepatoma cell line with that in samples of liver tissue, it should be noted that liver parenchyma contains many types of cells and approximately 30% of them are non-hepatocytes. Regarding uptake transporters, such as Ntcp and Oatp1b2, as well as enzymes involved in bile acid metabolism, their expression in WT cells was also negligible (Table 1) . Similar results were obtained when Rho cells were investigated, except that Mdr1 expression was higher in Rho than in WT cells (Table 1) , as has been previously described in human HCT-8 colon cancer cells with reduced mtDNA content (Lee et al., 2008) . In both WT and Rho cells incubation with GUDCA did not stimulate the
Figure 1
Time-course of mtDNA depletion in Hepa 1-6 mouse hepatoma cells during treatment with 100 ng·mL -1 ethidium bromide. The ratio of abundance between mitochondrial-encoded (16S rRNA) and nuclear-encoded (18S rRNA) genes was calculated from results of RT-PCR analysis. The amount of mtDNA determined by direct PCR using 16S rRNA primers is shown in the inset. Values are expressed as mean Ϯ SEM from three cultures measured in triplicate for each data point. *P < 0.05, significant differences between wild-type (WT) and mtDNA-depleted (Rho) cells.
Figure 2
Representative photographs of phase-contrast (A,B) and fluorescence (D,E) microscopy of wild-type (WT) (A,D) and mtDNA-depleted (Rho) (B,E) Hepa 1-6 mouse hepatoma cells incubated with 5 mg·mL -1 DCFH-DA for 1 h. The rate of cell growth was measured by total protein content (C). Fluorescence was measured to determine ROS production (D,E,F). Values are expressed as mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0.05, significant differences between WT and Rho cells.
Figure 3
Concentration-dependent effect of glycoursodeoxycholic acid (GUDCA) (A), glycochenodeoxycholic acid (GCDCA) (B) and paracetamol (C) on the viability of wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells as measured with the Neutral Red test after 48 h of incubation. Values are expressed as mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0.05, significant differences between WT and Rho cells. expression of Mdr1 ( Figure 7A ), Mrp1 ( Figure 7D ) or Mrp4 ( Figure 7G ). In contrast, in WT cells, GCDCA was able to enhance the expression of Mdr1 ( Figure 7B ), Mrp1 ( Figure 7E ) and Mrp4 ( Figure 7H ), whereas in Rho cells GCDCA induced no significant change in the expression levels of these three proteins ( Figure 7B , E and H). Similar results were obtained using another potentially toxic bile acid, such as deoxycholic acid (data not shown). In WT cells, paracetamol was also able to induce the expression of Mdr1 ( Figure 7C ), Mrp1 ( Figure 7F ) and Mrp4 ( Figure 7I ), but not in Rho cells ( Figure 7C, F and I ). 
Changes in nuclear receptors and transcription factors
Regarding the nuclear receptors and transcription factors involved in the control of ABC protein expression (Table 2) , no detectable expression of Car was found either in WT or Rho cells. Both Fxr and Shp were detected but at very low levels as
Figure 4
Proportion of dead cells (A) and hypodiploid bodies (B) determined with flow cytometry after staining with propidium iodide in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells. Effect of incubation with 100 mM glycochenodeoxycholic acid (GCDCA) (C) and 2 mg·mL -1 Fas antibody (Jo2) (D) for 24 h on the proportion of apoptotic bodies. Values are mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0.05, significant differences between WT and Rho cells. compared with mouse liver. In contrast, although at lower levels than in liver, both Pxr and Nrf2 were clearly expressed in these cells. The abundance of Nrf2 and Fxr mRNA was similar in WT and Rho cells, whereas the expression of Pxr and Shp was reduced in Rho cells (Figure 9 ). Incubation with GUDCA had no significant effect on the expression of these nuclear receptors either in WT or Rho cells (Figure 9 ). Fxr and Pxr levels were not affected by incubation with either GCDCA or paracetamol, whereas both compounds were able to induce the expression of Shp in WT but not in Rho cells (Figure 9 ). Western blot analyses confirmed the absence of stimulation of Shp expression by GCDCA and paracetamol in Rho cells (Figure 10) , together with the mild up-regulation of Shp expression by both compounds, in WT cells (Figure 10 ).
In contrast, Nrf2 expression was clearly stimulated by GCDCA and paracetamol in both WT and Rho cells (Figure 9) . A time-course study of this stimulation by Western blot revealed that steady state was reached at approximately
Figure 6
ROS production as determined by flow cytometry after incubating wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells with 2.5 mg·mL -1 DCFH-DA for 1 h. ROS generation was stimulated by treating the cells with the indicated concentrations of tert-butyl hydroperoxide (tBOOH) (A), glycoursodeoxycholic acid (GUDCA) (B), glycochenodeoxycholic acid (GCDCA) (C) and paracetamol (D) for 5 h. Values are expressed as mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0.05, significantly different from untreated WT cells; †P < 0.05, significant differences between Rho with WT cells. 12 h (Figure 11 ). The translocation of Nrf2 from the cytoplasm into the nucleus was investigated by adding a typical stimulator of this process: tert-butyl hydroquinone (TBHQ). This resulted in an early increase of Nrf2 in the nuclear fraction together with a mild but progressive decrease of the immunoblotting signal for Nrf2 in the cytoplasm. Similarly, in WT cells, translocation of Nrf2 into the nucleus was stimulated by GCDCA and paracetamol (Figure 12 ). This response, although weaker, was also observed in Rho cells (Figure 12 ).
Discussion
Long-term treatment of cells with low doses of ethidium bromide, an inhibitor of DNA/RNA synthesis, specifically suppresses the replication and transcription of extrachromosomal genetic components such as mtDNA without affecting nuclear DNA replication and transcription (Zylber et al., 1969) (Desjardins et al., 1985) (Hayakawa et al., 1998) . In previous studies this allowed several groups to obtain mtDNA-depleted (Rho) cells (King and Attardi, 1989 ). Here we took advantage of this possibility to develop a useful tool to investigate the effect of the mitochondrial genome on the response of liver cells to bile acids and paracetamol as regards ROS production, the activation of apoptosis and the up-regulation of ABC proteins. Bile acids are signalling molecules that facilitate the synchronization of the regulatory mechanisms involved in lipid metabolism as well as bile acid elimination/detoxification. The latter constitutes the basis for protection of liver cells against the ability of these compounds to cause toxicity during pathological accumulation. A complex network involving several nuclear receptors and transcription factors, has been reported to regulate the mechanisms accounting for the prevention of excessive accumulation of bile acids and drugs in liver cells (Eloranta and Kullak-Ublick, 2005 ). An important finding of the present study is that, although mtDNA depletion has no significant effect on very low levels
Figure 7
Concentration-dependent effect in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells of incubation with glycoursodeoxycholic acid (GUDCA) (A,D,G), glycochenodeoxycholic acid (GCDCA) (B,E,H) or paracetamol (C,F,I) for 48 h on Mdr1 (A,B,C), Mrp1 (D,E,F) and Mrp4 (G,H,I) expression as revealed by determining the abundance of mRNA using real-time quantitative RT-PCR. Values are expressed as mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0., significant differences between treated and untreated cells.
of Fxr, it affects the basal expression of Shp, which is also very low, and Pxr. Both GCDCA and paracetamol, but not GUDCA, were able to induce the expression of Shp in WT cells. Interestingly, this ability was lost in Rho cells.
The mechanism of bile acid-induced toxicity on liver cells is complex and not fully understood, but it seems to involve mitochondrial toxicity, with an increased cellular production of ROS and oxidative stress. Mitochondrial impairment and activation of death receptors can subsequently result in the induction of apoptosis via activation of the pro-apoptotic effector caspases, and/or necrosis (Palmeira and Rolo, 2004) . The results of the present study strongly support the wellknown concept that mitochondria play a key role in bile acid-induced apoptosis, since Rho cells exhibited a significantly lower sensitivity to GCDCA-induced cell death. The ability of bile acids to induce ROS generation by isolated hepatic mitochondria has been reported (Krahenbuhl et al., 1994) . Our results indicate that depletion of mtDNA also reduces the ability of cells to increase ROS production in response to certain bile acids. The effects on both ROS production and the induction of cell death were not specific to bile acids since they were also diminished as compared with WT cells when Rho cells were incubated with paracetamol.
Continued.
Figure 8
Representative Western blots of Mdr1 (A,B), Mrp1 (C,D) and Mrp4 (E,F) in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells incubated with the indicated concentrations of glycoursodeoxycholic acid (GUDCA) (A,C,E) or glycochenodeoxycholic acid (GCDCA) (B,D,F) for 48 h. These results were confirmed in two additional experiments. For Mrp1 and Mrp4, total cell lysates were used and Western blots were normalized using Gapdh detection. Owing to the low signal found for Mdr1, the Western blots for this protein were carried out with crude membrane, and Na + /K + -ATPase detection was used to normalize the results.
ROS generation by cells can have both anti-and proapoptotic consequences, depending upon the intensity and duration of the production process (Fang et al., 2004 ). An important factor determining the final effect of ROS is the activation of anti-apoptotic genes. One of them is NRF2, which stimulates the adaptive response and cell survival during exposure to a large variety of endogenous and xenobiotic compounds (Klaassen and Reisman, 2010) . NRF2 is a basic leucine-zipper transcription factor that binds to antioxidant responsive elements (AREs), and behaves as a main regulator for many antioxidative and/or cytoprotective genes (Kensler et al., 2007) (for a scheme see Figure 13 ). Proteasomal degradation of NRF2 is a very efficient mechanism dependent on Keap1 protein that determines the short half-life (approximately 20 min) of NRF2 in the absence of stimulatory/inhibitory signals. Keap1 recruits NRF2 into the Values of threshold cycle (Ct) and mRNA abundances were determined by real-time RT-PCR.
Figure 9
Concentration-dependent effect in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells of the incubation with glycoursodeoxycholic acid (GUDCA), glycochenodeoxycholic acid (GCDCA) or paracetamol for 48 h on Fxr, Shp, Pxr and Nrf2 expression as revealed by determining the abundance of mRNA using real-time quantitative RT-PCR. Values are expressed as mean Ϯ SEM from five cultures measured in triplicate for each data point. *P < 0.05, significantly different from untreated cells.
Cul3-containing E3 ubiquitin ligase complex for ubiquitin conjugation and subsequent proteasomal degradation (Sun et al., 2007) . However, under certain circumstances, such as oxidative or electrophilic stress, the interaction between NRF2 and Keap1 is disrupted, resulting in a decreased proteasomal degradation of NRF2, the accumulation of free NRF2 in the cytosol, and an increase in NRF2 translocation into the nucleus (Li and Kong, 2009 ). In addition, NRF2 up-regulation results from both the inhibition of NRF2 degradation and enhanced NRF2 translation, which is partly dependent on interactions with specific regions recently described in the untranslated region of human NRF2 mRNA (Li et al., 2010) . Once in the nucleus, NRF2 heterodimerizes with a small musculo-aponeurotic fibrosarcoma (Maf) protein and binds to ARE sequences in ARE-bearing promoters, leading to the recruitment of the nuclear elements required for transcription of several target genes (Klaassen and Reisman, 2010) . Many compounds have been reported to activate the NRF2-mediated defence mechanism (Ramos-Gomez et al., 2001) . Among them are paracetamol (Chan et al., 2001 ) and some bile acids (Tan et al., 2007) . On one hand, paracetamol was the first compound selected to illustrate the effects of a loss of NRF2. Paracetamol administration to Nrf2-null mice caused severe hepatocellular injury, whereas, at the same dose, paracetamol was relatively non-toxic to WT mice (Chan et al., 2001; Enomoto et al., 2001) . On the other hand, potentially toxic bile acids, such as lithocholic acid and chenodeoxycholic acid, induce Nrf2 target genes, especially the rate-limiting enzyme in glutathione (GSH) biosynthesis (Tan et al., 2007) . Moreover, in Fxr-null mice the accumulation of bile acids results in an enhanced expression of Nrf2 . Our results indicate that mechanisms accounting for mouse Nrf2 up-regulation and translocation into the nucleus were preserved in Rho cells. The observed up-regulation was not only due to changes in protein fate but also involved an enhanced transcription as the mRNA of Nrf2 was increased by incubation with GCDCA and paracetamol. Moreover, although slightly weaker, an up-regulatory response to the presence of GCDCA and paracetamol was also observed in Rho cells. This was an important finding of the present study because it suggested that both Nrf2 up-regulation and nuclear translocation were not strictly dependent on ROS production. In this respect, it has been recently demonstrated that the antioxidant bile acid ursodeoxycholic acid promotes the translocation of NRF2 into the nucleus in human hepatoma HepG2 cells (Arisawa et al., 2009) . A ROS-independent interaction of bile acids and paracetamol on the Nrf2 up-regulatory machinery or an indirect effect through the activation of an intermediate sensor can be suggested (see Figure 13 for a working hypothesis).
The defensive mechanism activated by NRF2 involves the stimulation of ABC protein expression. In the present study we observed that in Rho cells, even though GCDCAand paracetamol-induced ROS production was abolished, Nrf2 translocation into the nucleus was enhanced, although to a lower extent than in WT cells. In contrast, in Rho cells, the expression of the ABC proteins Mdr1, Mrp1 and Mrp4 did not respond to exposure to either GCDCA or paracetamol.
In conclusion, the present results suggest that activation of the Nrf2-mediated pathway is partly independent of ROS production. Moreover, in terms of ABC protein expression, Nrf2 translocation to the nucleus is insufficient for the up-regulation of Mdr1, Mrp1 and Mrp4, which probably requires the participation of other regulatory
Figure 10
Representative Western blots showing the concentration-dependent effect of the incubation with glycochenodeoxycholic acid (GCDCA) (A) or paracetamol (B) for 48 h on Shp expression in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells. These results were confirmed in two additional experiments.
Figure 11
Representative Western blots showing the time-course of the effect of the incubation with 50 mM glycochenodeoxycholic acid (GCDCA) (A) or 50 mM paracetamol (B) on Nrf2 expression in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells. These results were confirmed in two additional experiments.
Figure 12
Representative Western blot showing the time course of the effect of 60 mM tert-butyl hydroquinone (TBHQ) (A), 50 mM glycochenodeoxycholic acid (GCDCA) (B) or 50 mM paracetamol (C) on Nrf2 translocation from the cytoplasm into the nucleus in wild-type (WT) and mtDNA-depleted (Rho) Hepa 1-6 mouse hepatoma cells. Oct1 and Gapdh were used as nuclear and cytoplasmic markers, respectively. These results were confirmed in five additional experiments. Results from densitometry of bands at 0 and 6 h in nuclear extracts were normalized with Oct1 (F). *P < 0.05, significant differences between nuclear extracts collected at 0 and 6 h from the same culture; paired t-test. AU, arbitrary units.
Figure 13
Schematic representation of the mechanisms proposed to be involved in the Shp and Nrf2-mediated up-regulation of ABC proteins induced by bile acids and paracetamol in liver cells. ARE, antioxidant response element; Fxr, farnesoid nuclear receptor; Keap1, Kelch-like ECH-associated protein 1; Maf, musculo-aponeurotic fibrosarcoma protein; ROS, reactive oxygen species; Shp, small heterodimer partner. element(s) whose activation in response to GCDCA and paracetamol may be (directly or indirectly) sensitive to ROS production and hence affected by the lack of mtDNA integrity.
